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Abstract. We report on soft X-ray observations of the
Seyfert 1 galaxy MCG-6-30-15 with the Low and Medium
Energy Concentrator Spectrometers on board BeppoSAX.
The time averaged 0.1–4 keV spectrum shows evidence for
a complex warm absorber. K-edges of highly ionized oxy-
gen (O vii and O viii) can only partly describe the soft
X-ray spectrum below 2 keV. A spectral variability study
reveales large and rapid changes in absorption at the en-
ergy of the O viii K-edge and in the continuum shape and
count rate. These fluctuations are not simply correlated.
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1. Introduction
The well studied and nearby (z = 0.008) Seyfert 1 galaxy
MCG-6-30-15 displays complex X-ray emission. Strong
and rapid variability, as well as intrinsic absorption and
possibly a “soft excess” component were first detected
with EXOSAT (Pounds et al. 1986). MCG-6-30-15 was
among the first objects in which a spectral “hump” was
observed above 10 keV (Pounds et al. 1990) suggesting the
reprocessing of hard X-rays by cold, optically thick reflect-
ing matter. The ROSAT Position Sensitive Proportional
Counter (PSPC; Nandra & Pounds 1992) provided evi-
dence for the presence of highly ionized “warm” absorbing
medium close to the X-ray continuum source. This absorp-
tion was detected as a feature at 0.8 keV, consistent with
a blend of O vii and O viii K-edges. ASCA performed
further observations of MCG-6-30-15 (Fabian et al. 1994;
Reynolds et al. 1995; Otani et al. 1996), which indicate
short term variability of the warm absorber. Reynolds et
Send offprint requests to: A. Orr: aorr@astro.estec.esa.nl
al. (1995) and Otani et al. (1996) report dissimilar vari-
ability patterns in the depth of the O vii and O viii K-
edges and conclude that these features must originate at
different distances from the central engine.
2. Observations
MCG-6-30-15 was observed by the BeppoSAX satellite as
part of the Science Verification Phase between 1996 July
29, 15:56 and August 03, 03:15 UT. The data reported
here were obtained using the Low and Medium Energy
Concentrator Spectrometers (LECS & MECS). The LECS
and MECS are position sensitive gas scintillation propor-
tional counters, sensitive in the energy range 0.1–10 keV
and 1.3–10 keV respectively with circular fields of view of
diameters 37’ and 56’ (LECS: Parmar et al. 1997; MECS:
Boella et al. 1997). The LECS has good spectral reso-
lution at energies ∼< 0.5 keV, where instruments such as
the Solid State Imaging Spectrometer (SIS) on ASCA are
not sensitive (see Tanaka et al. 1994) and where instru-
ments such as the ROSAT PSPC (0.1–2.5 keV; Tru¨mper
1983) have only moderate spectral resolution. Above 1.8
keV the effective area of the MECS is larger than that
of the LECS. The total on-source exposure is 49.4 ksec
for the LECS and 184 ksec for the MECS. Data from
the LECS and the MECS were prepared in a similar
way (the MECS data are discussed in further detail by
Molendi et al. 1997). LECS data were processed using
the SAXLEDAS 1.4.0 data analysis package (Lammers
1997). The mean spectrum was extracted within a ra-
dius of 4′ of the source centroid, corresponding to 55 %
of the encircled energy at 0.28 keV in the LECS. Light
curves and the spectra for several shorter time intervals
were obtained using an 8′ LECS extraction radius which
includes 95% of the 0.28 keV photons. Background sub-
traction was performed using a 46 ksec exposure obtained
by summing blank field observations at galactic latitudes
close to that of MCG-6-30-15 (∆b < 5.3◦). After back-
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Fig. 1. The combined LECS/MECS X-ray spectrum of
MCG-6-30-15. The 1.8–4 keV data set is from the MECS.
Top panel, observed mean 0.1–4 keV spectrum fitted by a
power-law, an absorption edge and galactic plus excess neu-
tral absorption (model 2 of Table 1). Lower panel, ratio of
data and model. The residuals are discussed in the text
ground subtraction and with a 4 ′ extraction radius, the
LECS count rate is 0.5243 ± 0.0033 s−1 and that of the
MECS is 1.0370± 0.0025 s−1.
3. Spectral fits
Fits to LECS and MECS data were performed in order
to describe the mean spectrum of MCG-6-30-15, as well
as to investigate possible spectral variability between se-
lected time intervals. Fe Kα emission contributes signifi-
cantly to the flux between 4–10 keV (Tanaka et al. 1995;
Iwasawa et al. 1996; Molendi et al. 1997). Therefore data
above 4 keV are not considered for the present study which
focuses on the soft X-ray range, but are discussed by
Molendi et al. (1997). The simultaneous fitting of LECS
and MECS observations imposes strong constraints on the
spectral energy distribution in the common energy range
from 1.8–4.0 keV while benefiting from the good spectral
resolution of the LECS at lower energies. All fit models
include a constant multiplicative factor to account for the
LECS/MECS inter-calibration. This factor varied no more
than 2% between the different models fitted.
A minimum of at least 20 source counts per spectral
bin was chosen to ensure meaningful χ2 values. Uncertain-
ties correspond to ∆χ2 + 2.706, unless otherwise stated.
3.1. The mean spectrum
Table 1 describes the various fits to the mean 0.1 to 4 keV
spectrum of MCG-6-30-15. A simple power-law fit with
photo-electric absorption fixed at the galactic hydrogen
column density NGal = 4.06 × 10
20 cm−2 (Elvis et al.
Fig. 2. Top: 0.7–1.5 keV LECS light curve of MCG-6-30-15
within a radius of 8′ of the source centroid. The epochs cho-
sen for the study of spectral variability are numbered from 1
to 6. Middle: 1.5–4.0 keV MECS light curve (4′ radius). Bot-
tom: ratio of 1.5–4.0 keV counts over 0.7–1.5 keV counts. The
corresponding background count rates are negligible; LECS:
(5.40 ± 0.38) 10−3 s−1; MECS: (1.45 ± 0.13) 10−3 s−1
1989) gives a poor fit (χ2 = 707.1 with 400 degrees of
freedom, dof) with large residuals below 2 keV.
Including excess photo-electric absorption and an ab-
sorption edge component to account for a blend of O vii
and O viii gives a significantly better fit (χ2 =418.4 with
396 dof; Fig. 1). Allowing for excess absorption improves
the quality of the fit in all models considered. This was
also the case for ASCA observations (Otani et al. 1996).
We have tried to fit the warm absorber in the LECS
mean spectrum with two absorption edges. However the
fits do not require two separate edges around the physi-
cal rest frame energies of the O vii and O viii K-edges:
0.74 and 0.87 keV. This is most likely due to a combi-
nation of effects, such as the temporal variability of the
optical depths of the edges (reported by Fabian et al. 1994,
Reynolds et al. 1995 and Otani et al. 1996) which can bias
the energy of the O vii and O viii edge blend. Also, the en-
ergy resolution of the LECS in this energy range is poorer
than that of the SIS on ASCA. Little improvement in fit
quality is obtained with two edges fixed at these energies
(χ2 = 415.9 with 396 dof).
The fit residuals for all models mentioned above show
complex structure below 1 keV. Otani et al. (1996) in-
cluded an ad hoc Gaussian emission line at 0.6 keV to im-
prove their fits to the mean ASCA spectrum. A Gaussian
line also provides a better fit to the LECS mean spec-
trum (Erest = 0.59 ± 0.03 keV; EW = 44.5 ± 30.7 eV;
χ2 = 403.8 with 394 dof). The energy of the line is con-
sistent with a blend of O vii and O viii recombination
lines at Erest = 0.57 and 0.65 keV, respectively, which are
unresolved by the LECS. The resulting reduction of χ2 is
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Table 1. Results of combined LECS/MECS fits to the mean 0.1 to 4 keV spectrum of MCG-6-30-15. All fits include photo-electric
absorption with NGal = 4.06 × 10
20 cm−2. The uncertainties are ∆χ2 + 2.706. Rest frame energies are given for the quoted
absorption edges and emission lines. Parameters without uncertainty values were fixed during the fitting
model excess NH photon index Eedge τedge Eline χ
2/d.o.f
(1020 cm−2) Γ (keV) (keV)
1 PL ... 1.68 ± 0.01 ... ... ... 707.1/400
2 PL+edge 1.86 ± 0.30 1.89 ± 0.02 0.77 ± 0.02 0.81 ± 0.10 ... 418.4/396
3 PL+2 edges 1.94 ± 0.31 1.90 ± 0.02 0.74 0.65 ± 0.14 ... 415.9/396
0.87 0.22 ± 0.11
4 PL+2 edges 1.89 ± 0.33 1.88 ± 0.03 0.74 0.66 ± 0.14 0.59 ± 0.03 403.8/394
+ line 0.87 0.14 ± 0.12
5 PL+3 edges 2.36 ± 0.38 1.95 ± 0.03 0.74 0.91 ± 0.180.14 ... 398.1/394
0.87 0.03 ± 0.15
1.12 ± 0.10 0.19 ± 0.08
significant at the 99% level on the basis of an F-test. The
line is narrower than the resolution of the LECS (which
is 140 eV at 0.6 keV) and when left as a free fit parame-
ter the line width, σ, becomes zero. Consequently the line
width has been fixed at 10 eV.
The parameters of the warm absorber component and
in particular the optical depths depend on the shape of
the underlying continuum. As can be seen in Table 1 the
power-law index remains almost constant for models 2 to
4, since it essentially constrained by the data above 1 keV.
However, this spectral range may not be representative of
the underlying continuum flux. In particular a blend of ab-
sorption edges may considerably affect the spectral range
up to 3 keV (Ferland 1996; Nicastro et al. in preparation),
thereby causing the local spectrum to be harder than the
underlying continuum. In order to test this hypothesis we
have added a Ne ix absorption edge to the fit (model no.
5 in Table 1). Its energy is Erest = 1.12 ± 0.10 keV which
is compatible with the physical value of 1.20 keV. The de-
crease in χ2 with respect to model no. 3 including only
oxygen edges is significant at the 99% level on the basis
of an F-test. Furthermore the photon index in model 5 is
marginally steeper than with models 2 – 4, as expected.
In conclusion, none of the models described above gives
an entirely satisfactory fit to the mean 0.1–4 keV spectrum
of MCG-6-30-15, although the addition of various compo-
nents discussed can significantly reduce χ2. In particu-
lar, residual flux remains below 0.2 keV. Features below
the C-edge (0.28 keV) are very sensitive to the subtracted
background which has a soft component in this spectral
range (Hasinger et al. 1993). Furthermore the diffuse soft
X-ray background map obtained with the ROSAT PSPC
(Snowden et al. 1995) shows considerable structure. For
all these reasons background subtraction is complex. We
have deliberately chosen a small extraction radius for the
LECS spectra in order to reduce the contributions from
the background.
3.2. Spectral variability
Because of the difficulty in obtaining satisfactory fits to
the mean spectrum, we have investigated whether this is
due to spectral variability. The LECS 0.7–1.5 and MECS
1.5–4.0 keV light curves of MCG-6-30-15, as well as their
ratio, are shown in Fig. 2. As seen in the previous section,
warm absorption strongly affects the first spectral range,
but much less the second. Flux variations of the order
of a factor 4 occured during our observation. In fact, at
the start of the observation the 0.7–1.5 keV count rate
increased four-fold in <7 hours while the 0.7–4 keV spec-
trum was in a “hard” state. Such behaviour suggests a
change in the warm absorber. We performed time resolved
spectral analysis in order to check which ion species (Ovii
or Oviii) had varied. For ease of analysis we selected six
“low” and “high” states, with average LECS 0.1–10 keV
count rates respectively below or above a value of 0.5 cts
s−1. This choice is by definition inhomogeneous, because of
complex time structure within the time intervals. In par-
ticular, some data between intervals have been excluded.
Model 3 is used to fit the time selected LECS+MECS
spectra from 0.1–4 keV. Figure 3 shows that the optical
depths τOvii and τOviii have different variability patterns.
The depth of the O vii edge is marginally consistent with
being constant throughout the LECS observation, whereas
τOviii exhibits significant variability. Its large value during
interval 1 (1.7 ± 0.5, 1σ uncertainty) is inconsistent with
the values at all other epochs, and is the cause of the spec-
tral hardening at epoch 1 (Fig. 2, lower panel). Epoch 1
stands out as having a more extreme value of τOviii and
count rate variability than observed by ASCA in 1993 and
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1994 (Fabian et al. 1994; Reynolds et al. 1995; Otani et
al. 1996). This epoch is characterized by a very rapid in-
crease in count rate. Since the source count rate prior to
our observation is unknown, the ionizing flux could have
been much lower earlier, leading to the high value of τOviii
observed.
Fig. 3. Photon index, Γ, τOvii and τOviii versus un-absorbed
model continuum count rate from 0.1 to 10 keV. The 0.1–4 keV
fits use model 3 of Table 1. Uncertainties are ∆χ2+1.0. In the
middle panel, each point is identified by its epoch number as
defined in Fig. 2
4. Discussion
Our results indicate that the spectral variability of MCG-
6-30-15 from 0.1–4 keV is due to changes in the contin-
uum emission as well as modifications of the warm ab-
sorber. These variations have similar timescales, but are
not always associated with one another. For instance dur-
ing epoch 5 (Figs. 2 and 3) the 1.5–4 keV flux undergoes a
rapid (τvar < 2×10
4 s) decrease followed by an equally fast
increase. With such rapid changes it is possible that the
absorber is not in photo-ionization equilibrium. Indeed,
the spectrum of epoch 5 shows no evidence of change in
the warm absorber.
Likewise, the spectral softening before high state 6
is not accompanied by any significant change in τOvii or
τOviii. Spectral softening with increasing flux was also ob-
served in MCG-6-30-15 by Ginga in the 2–18 keV band
and variously interpreted by several groups (Matsuoka et
al. 1990; Nandra et al. 1990; Fiore et al. 1992). A more de-
tailed analysis of these variations in the BeppoSAX data
is presented by Molendi et al. (1997).
There are clear indications that more than one absorp-
tion edge is present below 1 keV. Models including both
an O vii and an O viii absorption edge bring little im-
provement to the quality of fit over single edge models.
However, single edge models are physically unacceptable
because the spectral fits to the time intervals then require
temporal variations of the edge energy. The LECS data
show that the optical depth τOvii did not change signifi-
cantly during the exposure, whereas τOviii varied on a time
scale ≤ 15 000 seconds (epochs 1 & 2 in Figs. 2 and 3).
Differences between τOvii and τOviii have been reported by
Reynolds et al. (1995) and Otani et al. (1996). However,
unlike what was measured with ASCA, our data show no
simple anti-correlation between τOviii and the continuum
luminosity. A warm absorber consisting of spatially dis-
tinct photo-ionized regions, such as the two-zone model
applied to ASCA data (Reynolds et al. 1995; Otani et al.
1996), does not provide an entirely satisfactory explana-
tion to such behaviour. A plausible interpretation is that
the warm absorber is not in simple photo-ionization equi-
librium with the incident X-ray continuum. More complex
processes, such as non-equilibrium – or collisional photo-
ionization, may instead contribute to the soft X-ray spec-
trum of MCG-6-30-15.
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